Mammals experience permanent impairments from hair cell (HC) losses, but birds and other non-mammals quickly recover hearing and balance senses after supporting cells (SCs) give rise to replacement HCs. Avian HC epithelia express little or no E-cadherin, and differences in the thickness of F-actin belts at SC junctions strongly correlate with different species' capacities for HC replacement, so we investigated junctional cadherins in human and murine ears. We found strong E-cadherin expression at SC-SC junctions that increases more than sixfold postnatally in mice. When we cultured utricles from young mice with ␥-secretase inhibitors (GSIs), striolar SCs completely internalized their E-cadherin, without affecting N-cadherin. Hes and Hey expression also decreased and the SCs began to express Atoh1. After 48 h, those SCs expressed myosins VI and VIIA, and by 72 h, they developed hair bundles. However, some scattered striolar SCs retained E-cadherin and the SC phenotype. In extrastriolar regions, the vast majority of SCs also retained E-cadherin and failed to convert into HCs even after long GSI treatments. Microscopic measurements revealed that the junctions between extrastriolar SCs were more developed than those between striolar SCs. In GSI-treated utricles as old as P12, differentiated striolar SCs converted into HCs, but such responses declined with age and ceased by P16. Thus, temporal and spatial differences in postnatal SC-to-HC phenotype conversion capacity are linked to the structural attributes of E-cadherin containing SC junctions in mammals, which differ substantially from their counterparts in non-mammalian vertebrates that readily recover from hearing and balance deficits through hair cell regeneration.
Introduction
Debilitating hearing and balance deficits commonly arise when hair cells (HCs) are killed by loud sound, infections, or toxicity or die during aging. For humans and other mammals, HC deficits are permanent, but in fish, amphibians, and birds, supporting cells (SCs) can give rise to replacement HCs that restore sensory function. In seeking to identify differences that may limit regeneration in mammalian ears, we found that F-actin belts at apical SC-SC junctions grow exceptionally thick as balance organs mature in the first weeks after birth (Burns et al., 2008) . That growth is inversely correlated (r ϭ Ϫ0.98) with measured declines in the propensity for SCs to change shape and proliferate after epithelium injury (Davies et al., 2007; Gu et al., 2007; Meyers and Corwin, 2007; Burns et al., 2008; Lu and Corwin, 2008) . Comparable F-actin belts in SCs of fish, amphibians, and birds stay thin throughout life (Burns et al., 2008; J. Burns and J. T. Corwin, unpublished observations) , suggesting that the properties of the SC-SC junctions in mammalian ears may be responsible for restricting HC regeneration. Consistent with that notion, avian vestibular epithelia express little or no E-cadherin, but E-cadherin is strongly expressed in vestibular epithelia of rodents (Hackett et al., 2002; Kim et al., 2002 Kim et al., , 2005 Warchol, 2007) . Also, forced E-cadherin expression has been shown to inhibit the differentiation of certain HC-like characteristics in cell lines derived from the ear of the immortomouse (Hackett et al., 2002) .
To determine whether and how the patterns of junctional cadherins are regulated, we investigated N-and E-cadherin in murine and human ears during postnatal maturation. Our results show that N-cadherin is expressed in both the HC-SC and SC-SC junctions in vestibular epithelia and increases slightly with age, whereas E-cadherin is primarily restricted to SC-SC junctions and increases several-fold as mice mature. In addition, we discovered that ␥-secretase inhibitor (GSI) treatments cause striolar SCs to internalize E-cadherin and then convert to a HC phenotype. GSI treatments are known to cause progenitor cells and SCs to become supernumerary HCs in embryonic and neonatal cochleae through inhibition of the Notch pathway (Yamamoto et al., 2006; Takebayashi et al., 2007; Hayashi et al., 2008; Doetzlhofer et al., 2009 ). In our experiments, GSI also appears to induce SC-to-HC conversion through Notch inhibition in the neonatal mouse utricles, but the robust SC-to-HC conversion we observed after striolar SCs internalized their E-cadherin suggests that a cell-autonomous linkage exists between the properties of SC junctions and the stability of the mammalian SC phenotype.
As mice mature, SC-SC junctions develop thicker F-actin belts and accumulate more E-cadherin. Between birth and P12, GSI treatments evoke progressively less E-cadherin internalization and less SC-to-HC phenotype conversion. Extrastriolar SCs have thicker F-actin belts and more junctional E-cadherin than SCs in the striola, and most do not deplete E-cadherin or convert after GSI treatments, but some do so after delays. The results provide support for the hypothesis that maturation of uniquely robust SC-SC junctions contributes to stabilization of the vestibular SC phenotype and limits HC replacement in mammalian ears.
Materials and Methods

Dissection of utricles.
All animal experiments were performed according to protocols approved by the Animal Care and Use Committee at the University of Virginia. Swiss Webster mice of either sex were obtained from Charles River Labs and the Atoh1/nGFP transgenic line from Dr. Jane Johnson (University of Texas Southwestern Medical Center, Dallas, TX) (Lumpkin et al., 2003) . Utricles were isolated from temporal bones in ice-cold DMEM/F-12 (Invitrogen) as described previously (Meyers and Corwin, 2007) . Human utricles were collected during therapeutic labyrinthectomies on three adult patients. For their morphological analysis, we selected regions that showed the least hair cell depletion that likely resulted from surgical trauma.
Western blotting. We extracted protein from 10 -15 pure utricular sensory epithelia, which were isolated by enzymatic digestion of the basement membrane and removal of the surrounding nonsensory epithelium as described previously (Montcouquiol and Corwin, 2001) . For that, we centrifuged the tissue at 4000 relative centrifugal force ϫ 10 min at 4°C, and the pellets were resuspended in a lysis buffer comprised of 10 mM Tris, pH 7.4, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% sodium deoxycholate, and protease inhibitor cocktail (P8340; Sigma-Aldrich). Western blots were performed as described previously (Lu and Corwin, 2008) . Approximately 5 g of total protein per sample were loaded in duplicate 8% SDS-PAGE gels, separated by electrophoresis, and transferred to PVDF membranes (GE Healthcare). Membranes were immunoblotted with appropriate primary and secondary antibodies. Total actin was used as a loading control. Immunoreactive bands were visualized using enhanced chemiluminescence (ECL; GE Healthcare). Band intensity was measured and normalized against the intensity of the actin band measured from the same lane using ImageQuant TL 2005 and volume integration. The relative intensity of each of the bands was expressed as a percentage of the P1 sample level, with the value for the P1 band arbitrarily set to 100. Immunoblotting experiments were replicated in four to five separate sample groups (10 -15 utricles each).
Immunohistochemistry. Whole-mount utricles were fixed in 4% paraformaldehyde or Glyofixx (Thermo Fisher Scientific). To obtain 16 -20 m transverse cryostat sections, fixed tissue was processed through increasing concentrations of sucrose to 30% and then placed in Tissue Tek O.C.T. Compound and cooled to Ϫ80°C. To allow for comparison, utricles from the three ages examined (P1, P16, P82) were sectioned in one block of O.C.T. and processed together in the same solutions. Samples were blocked for 1 h at room temperature (RT) in PBS/0.02% Triton X-100 (PBST) containing 10% normal goat serum (Vector Laboratories) and then incubated overnight in the appropriate primary antibodies, followed by Alexa Fluor-conjugated secondary antibodies (Invitrogen). Samples were mounted in SlowFade (Invitrogen), and images were taken with a confocal microscope (Carl Zeiss LSM 510). For comparative studies across ages, the parameters of the scanning conditions for the laser scanning confocal microscope were set just below the image saturation level for the P82 samples, which always had the most intense labeling. Settings were held constant so that reliable comparisons could be made across replicates and age groups that were processed concurrently.
Primary antibodies and F-actin labeling. To label hair cells, we used rabbit or mouse anti-myosin VIIA (Proteus Biosciences or Developmental Studies Hybridoma Bank) or rabbit anti-calretinin (Millipore Bioscience Research Reagents). We used mouse anti-bromodeoxyuridine (BrdU) (BD Biosciences) to label cells that had entered S-phase. We also used mouse anti-N-cadherin (clone 32; BD Biosciences), rabbit anti-␤-catenin (Sigma-Aldrich, BD Biosciences), mouse anti-acetylated tubulin (Sigma-Aldrich), anti-spectrin (Millipore), rabbit anti-oncomodulin (Swant), anti-snail (Abcam), and anti-slug (Abgent). To label F-actin, utricles were incubated with Alexa Fluor-conjugated phalloidin (5 U/ml; Invitrogen) in PBST.
We used three different anti-E-cadherin antibodies, which all showed the same patterns under all experimental conditions: the mouse monoclonal anti-E-cadherin antibody from BD Biosciences (clone 36), produced using a human E-cadherin C-terminal (intracellular) recombinant protein, and the rat monoclonal anti-Uvomorulin/E-cadherin (clone DECMA-1; Sigma) and the rat anti-E-cadherin (clone ECCD-2; Zymed, Invitrogen), which both recognize the extracellular domain of E-cadherin.
RNA extraction and quantitative PCR. For RNA extraction, 8 -10 utricles were pooled and dissolved in 500 l of Tri-Reagent RT (Molecular Research Center), and RNA was precipitated according to the protocol of the manufacturer using 2 l of polyacryl carrier (Molecular Research Center). RNA was reverse transcribed using a High Capacity RNA-to-cDNA kit (Applied Biosystems). Quantitative PCR was performed in duplicates using a SensiMix SYBR Green and Fluorescein kit (Quantace) and gene-specific primer sets (Doetzlhofer et al., 2009 ) on a MyIQ/iCycler (Bio-Rad). Gene expression was analyzed using the Realtime PCR Miner algorithm (Zhao and Fernald, 2005) . Cyclophilin gene (forward primer, CAGTGCTCAGAGCTCGAAAGT; reverse primer, GTGTTCTTCGACATCACGGC) was used as an endogenous reference and showed no significant change with treatments.
In vitro culture and treatments. Unroofed utricles were explanted nerve-side-down onto Cell Tak (2-4 l; BD Biosciences) on glass-bottom dishes (MatTek). The utricles were cultured in DMEM/F-12 containing 5% fetal bovine serum (FBS) (Invitrogen), 0.25 g/ml Fungizone (Invitrogen), and 10 g/ml Ciprofloxacin (Bayer). To assess proliferation, 3 g/ml BrdU (Sigma-Aldrich) was added to the culture medium. Most cultured utricles were treated with 50 M of the ␥-secretase inhibitor N- [N-(3,5-difluorophenacetyl-L-alanyl) ]-S-phenylglycine t-butyl ester (DAPT) (Calbiochem, EMD) dissolved in DMSO, and control utricles were treated with 0.2% DMSO for the time indicated in Results. Similar results were obtained when utricles were treated with 5 M DAPT or the ␥-secretase inhibitor X, L-685,458 {1S-benzyl-4R-[1-(1S-carbamoyl-2-phenethylcarbamoyl)-1S-3-methylbutylcarbamoyl]-2R-hydroxy-5-phenylpentyl} carbamic acid tert-butyl ester (5 M; Calbiochem, EMD). Cycloheximide (40 M; SigmaAldrich) was used to block protein synthesis as shown in ears cultured from chickens (Zhao et al., 1996) .
Scanning electron microscopy. DAPT-or vehicle-treated utricle cultures were fixed in 3% glutaraldehyde in 0.10 M cacodylate buffer at pH 7.35 after 2, 3, and 5 d in vitro. After postfixation in 1% OsO 4 in the same buffer for 2 h at room temperature, the tissue was washed in cacodylate buffer and processed by the Osmium-Thiocarbohydrazide-Osmium method (Davies and Forge, 1987) . Then, utricles were dehydrated through a graded ethanol series, critical point dried, mounted on stubs, and sputter coated with gold palladium. Samples were examined in a JEOL 6400 scanning electron microscope.
Measurement of apical junctional regions. Apical junctional region (AJR) width was measured as the perpendicular distance across the adherens junction and the circumferential F-actin belts in the two cells that shared each junction as described by Burns et al. (2008) . We measured the widths of AJRs along lines that transected the extrastriolar and striolar regions as they ran from lateral-to-medial edges of the sensory epithelia. NIH ImageJ was used to trace the path of the line of hair bundle polarity reversal within the utricle and for recording the x-y coordinates of each point on that line. Each AJR measurement was likewise associated with its x-y coordinates, which were used to calculate the shortest distance to the line of polarity reversal. For each of four utricles, we measured ϳ100 AJRs in the region of sensory epithelium lateral to the line of reversal and ϳ100 AJRs in the region medial to it. The data were binned (bin width, 20 m) and plotted as a function of the lateral-to-medial position in relation to the line of hair cell polarity reversal.
Quantification of area of conversion. Outlines were drawn around groups of converted cells using E-cadherin, N-cadherin, and myosin VIIA staining. The area inside each outlined region was calculated, and the areas of all the converted regions per utricle were then added and divided by the total area of the sensory epithelium (Ncadherin, myosin VIIA positive). Results were expressed as the percentage of the sensory epithelium where conversion occurred.
Data analysis. Each experiment was repeated at least three times and analyzed by t test or one-way ANOVA (GraphPad Prism; GraphPad Software). The figures illustrate images that we carefully selected to show the average effect obtained for each experimental condition.
Results
N-cadherin is in all the junctions, but SC-SC junctions in mouse and human utricles also contain E-cadherin
In utricles from adult mice, we found strong immunostaining for N-cadherin at the HC-SC and SC-SC junctions within the sensory epithelium but not in the nonsensory epithelium ( Fig. 1 A, B ). E-cadherin, in contrast, is expressed strongly in both the sensory epithelium and the surrounding nonsensory epithelium. Within individual SCs, E-cadherin immunostaining is much stronger at the SC-SC junctions than at the HC-SC junctions ( Fig. 1 B) (Hackett et al., 2002; Kim et al., 2002 Kim et al., , 2005 . Also in adults, N-cadherin appears to be limited to the zonula adherens, whereas E-cadherin extends from the zonula adherens basalward in complex patterns (Fig. 1C,D) .
Immunostaining of adult human vestibular organs showed high levels of N-cadherin at HC-SC and SC-SC junctions, as in mice, and low levels in the band of nonsensory epithelium immediately adjacent to the sensory macula but none in the roof epithelium ( Fig. 1G ) (data not shown). SC-SC junctions in human utricles labeled strongly for E-cadherin, with the labeling extending beneath the classic zonula adherens, as in mice, but differed in that they followed distinctly serpentine courses (Fig.  1G ,H). The cell junctions in the human nonsensory and roof epithelia also labeled for E-cadherin.
E-cadherin levels increase as SC-SC junctions mature postnatally
To assess changes in expression and subcellular distribution, we immunolabeled whole-mount and cryosectioned utricles from 1-d-old (P1), 16-d-old (P16), and adult (P82) mice with antibodies to N-cadherin and E-cadherin, the linker ␤-catenin, and/or the HC marker myosin VIIA. With postnatal maturation, junc- tional N-cadherin expression increased modestly, and its subcellular distribution became restricted. In P1 utricles, low N-cadherin labeling extended throughout the basolateral membranes of the HCs and SCs, but it became more concentrated at the level of the zonula adherens at P16 and P82 ( Fig. 2A, insets) .
In contrast, E-cadherin expression increased greatly at the SC-SC junctions during the weeks after birth and on into adulthood (Fig. 2 A) . Under fixed scanning conditions, E-cadherin immunofluorescence was barely detectable in P1 sensory epithelia but was so intense at P82 that the confocal images approached saturation. The increase in E-cadherin intensity observed between P16 and P82 appeared to result primarily from greater concentration at the level of the zonula adherens, not from changes below that depth ( Fig. 2 A, insets) . ␤-Catenin was localized to all the HC-SC and SC-SC junctions, but ␤-catenin immunostaining did not change appreciably between young and adult utricles (Fig. 2 A) .
Relative immunoblot band intensities for total N-cadherin protein in utricular sensory epithelia did not show a significant change between P1 and P16 or P1 and P82 (Fig. 2B) . However, total E-cadherin in the same samples increased by Ͼ250% between P1 and P16 and by Ͼ600% from P1 to P82 (263 Ϯ 57%, n ϭ 5, p ϭ 0.04; and 619 Ϯ 141%, n ϭ 5, p ϭ 0.02, respectively) (Fig.  2C) . Thus, the adhesive (E-cadherin) and cytoskeletal (F-actin) components of the SC-SC junctions in mammalian balance epithelia both increase from birth to adulthood. Repeated, separate immunoblot experiments confirmed that the levels of ␤-catenin remained unchanged across the P1, P16, and P82 age range (Fig. 2D ).
E-cadherin mRNA increases during the first postnatal week
In utricles harvested from E16, P2, P16, and adult (P69 -P73) mice, we found that the levels of E-cadherin mRNA increased with age. Transcript levels in older ani- sensory epithelia harvested from P1, P16, and P82 mice. Bottom, Summary of quantification of experiments. Levels of N-cadherin, E-cadherin, and ␤-catenin were normalized to total actin levels, and values were expressed as a percentage relative to P1 for comparison. Average percentages relative to P1 are shown (n ϭ 5). E, Relative mRNA expression levels of E-cadherin, Snail, and Slug in E16, P2, P8, P16, and adult utricles (n ϭ 3 for each age). mRNA levels for each gene were made relative to the highest for comparison. F, Images of cryostat sections of utricles from P2 mice immunolabeled for myosin VIIA (red), snail (green, top), or slug (green, bottom).
mals (P8, P16, and adult) were significantly greater than in embryonic and neonatal mice (E16 and P2; one-way ANOVA, p Ͻ 0.05) (Fig. 2 E) , so we measured mRNA levels for Snail and Slug, two potent repressors of E-cadherin transcription. At P8 and in adults, Snail mRNA levels were significantly lower than at E16, P2, and P16 (one-way ANOVA, p Ͻ 0.05) (Fig. 2 E) , but those levels did not correlate with mRNA levels for E-cadherin (p ϭ 0.26, Pearson's r ϭ Ϫ0.62). However, the levels of Slug mRNA decreased progressively with age. Levels at P8, P16, and in adulthood were significantly lower than at E16 and P2 (one-way ANOVA, p Ͻ 0.05) (Fig. 2 E) and correlated inversely with E-cadherin mRNA levels across the ages investigated (p Ͻ 0.05, Pearson's r ϭ Ϫ0.91). That correlation was even stronger from E16 to P16 (Pearson's r ϭ Ϫ0.99), suggesting that the postnatal E-cadherin increase in SCs stems from decreased expression of the transcriptional repressor Slug. Consistent with this hypothesis, immunostaining in embryonic and neonatal mouse utricles showed high levels of Slug in HC and SC nuclei, in which it could repress E-cadherin expression (Fig. 2 F) . In contrast, Snail expression was very low in SCs and high in HCs (Fig. 2 F) . With continuing postnatal maturation, the immunostaining for Slug and Snail both decreased, as did mRNA levels (data not shown).
Inhibitors of ␥-secretase induce cell phenotype changes in the striola
When cochleae of embryonic and neonatal mice have been treated with GSIs, progenitor cells or immature SCs have been induced to convert directly to a HC phenotype, without intervening cell divisions (Yamamoto et al., 2006; Takebayashi et al., 2007; Hayashi et al., 2008; Doetzlhofer et al., 2009 ). Because our findings show that E-cadherin is specifically expressed in SCs in mammalian balance epithelia ( Fig. 1 ) and E-cadherin has been reported to inhibit some HCs characteristics when overexpressed in cell lines (Hackett et al., 2002) , we hypothesized that E-cadherin expression in SCs might limit their capacity to change phenotype and convert into HCs. We addressed this hypothesis by treating P2 mouse utricles with the GSI DAPT (50 M) or vehicle for 30 h and then continuing to culture them in control medium. Striola regions of the DAPT-treated utricles cultured for a total of 72 h contained appreciable numbers of cells that were characterized by circular apical surface outlines and villous projections that were noticeably longer than microvilli typical of SCs (Fig. 3B ). Such cells were even more prominent in 120 h cultures (Fig. 4 B) . Consistent with early stages of cuticular plate formation and conversion to HC phenotypes, these cells exhibited light but distinctly positive immunostaining for the HC markers myosin VI and myosin VIIA and the cuticular plate marker spectrin (Fig. 3B) . Also, they no longer exhibited the cytokeratin immunostaining found in the striolar SCs of controls (data not shown). A single acetylated-tubulin-positive kinocilium, which was distinctly longer than the primary cilium typical of SC surfaces, projected from each of those circular cell surfaces (data not shown). Scanning electron microscopy showed that the striola of utricles treated for 30 h with DAPT and cultured for 48 h in total (n ϭ 13) contained numerous small circular cell surfaces that were filled by dense accumulations of thickened and elongate microvilli. Many of these cells were in direct contact with other cells that had the similar small hair-bundle-like surface characteristics (Fig. 4 D, arrowheads) . A single cilium was at the center of the surface in some of these cells and closer to one side in others (Fig. 4 D) . In utricles cultured for 72 h (n ϭ 8), the microvilli on such cells were noticeably longer. Those on comparable cells in GSI-treated utricles cultured for 120 h (n ϭ 8) had the beveled, "staircase" appearance of sensory hair bundles (Fig. 4 D) . Such small HC-like cells (SHLCs) resembled embryonic HCs at early stages of differentiation (Mbiene et al., 1984; Favre et al., 1986; Forge et al., 1997; Denman-Johnson and Forge, 1999) . All of these bundles were distinctly shorter than the large, more common, presumably preexisting hair bundles in those utricles and in the DMSO controls. . The striolar region (yellow line) was delineated using oncomodulin as a marker. The line of polarity reversal (white dashed line) was drawn using spectrin labeling of cuticular plates. The image also illustrates the size of the 3000 m 2 areas that were quantified by counting preexisting HCs and SHLCs (anterior striola, AS; middle striola, MS; posterior striola, PS; medial extrastriola, MES; lateral extrastriola, LES). B, Higher-magnification image of a DMSO-treated and a DAPT-treated utricle labeled for spectrin (red) and F-actin (green) at the level of the striola. Arrowheads point to the newly generated hair-cell-like cells and arrows point to mature, preexisting hair cells. Colabeling with anti-spectrin and antioncomodulin, which labels type I vestibular HCs (Simmons et al., 2010) , confirmed that most of the SHLCs in the DAPT-treated utricles were in the striola (Fig. 3A, yellow  line) , a crescent-shaped region of the macula in which hair bundle polarity changes by 180° (Fig. 3A , white dashed line) (Li et al., 2008) . We identified SHLCs (arrowheads) by their low immunoreactivity for myosin VIIA and spectrin, proteins that are abundant in preexisting HCs (arrows) and completely absent from the surrounding SCs. We counted SHLCs in five areas in the anterior, medial, and posterior striola, and in medial and lateral extrastriolar regions of each macula (Fig. 3A) . Counts showed that the striola regions of DAPT-treated utricles averaged 51 Ϯ 3 SHLCs per 3000 m 2 (30 h DAPT, fixed after 72 h total, n ϭ 5), whereas vehicle-treated controls averaged 4 Ϯ 1 SHLCs per 3000 m 2 (n ϭ 6) (Fig. 3C ). The extrastriolar regions in the DAPT-treated and the vehicle control utricles both average 6 Ϯ 2 SHLCs per 3000 m 2 . Thus, SHLC density in the striola of the GSI-treated utricles is 8.5-12 times that observed in controls and more than eight times the density in the extrastriola regions in both treated and control utricles.
Small HC-like cells increase at the expense of SC numbers
To determine whether the SHLCs arose through cell division, we cultured DAPTtreated and control utricles with BrdU. Immunostaining showed that scattered SCs contained BrdUpositive nuclei, but no SHLCs were BrdU positive (Fig. 4C) . Therefore, we assessed the possibility that striolar SHLCs arose from SCs that converted to the HC phenotype without passing through S-phase of an intervening cell cycle. For this, we counted the SCs, preexisting HCs, and SHLCs in the striola regions of DAPT-treated utricles and vehicle controls. The DAPT-treated utricles contained many SHLCs (arrowheads) in the spaces between the large, preexisting HCs in the striola (arrows) (60 Ϯ 13 and 17 Ϯ 2 per 3000 m 2 , respectively) (Fig. 4B) . Such DAPT-treated utricles contained more than two times the summed density of striolar HCs and HC-like cells that were present in the vehicle controls (77 Ϯ 13 vs 35 Ϯ 3 HCs and SHLCs, p Ͻ 0.05; n ϭ 4 utricles per group). As those HC densities increased, the density of SCs in the DAPT-treated utricles decreased to 43% of the SC density we measured in matched regions of the vehicle controls (35 Ϯ 5 vs 82 Ϯ 1 SCs per 3000 m 2 , respectively, p ϭ 0.002; n ϭ 4 utricles each) (Fig. 4A,B) . The total counts of cells per 3000 m 2 did not differ significantly between the treated and control samples, consistent with the likelihood that the SHLCs in the striola of the DAPT-treated utricles increased at the expense of SC numbers, as would be expected if SCs were converting directly to a HC phenotype.
DAPT treatments lead to downregulation of Hes and Hey transcripts and induce Atoh1 expression in striolar SCs
In developing ears, the inhibition of ␥-secretase is believed to block cleavage of ligated Notch, which prevents release of the Notch intracellular domain (NICD) and thereby influences cell fate (Yamamoto et al., 2006; Takebayashi et al., 2007; Hayashi et al., 2008; Doetzlhofer et al., 2009 ). In the nucleus, NICD binds the RBPJ (CBF1) repressor complex, which leads to upregulated expression of Hes and Hey. Hes and Hey bHLH proteins, in turn, suppress transcription of the prosensory bHLH transcription factor Atoh1. In embryonic ears, Atoh1 expression is necessary and sufficient for HC fate determination (Bermingham et al., 1999; Woods et al., 2004; Gubbels et al., 2008) .
To investigate whether GSI treatments inhibit the Notch pathway as they induce utricular SCs to convert into HCs, we compared mRNA levels for Hes1, Hes5, Hey1, Hey2, HeyL, and Atoh1 in utricles cultured for 18 and 30 h with DAPT or DMSO. In the DAPT-treated utricles, mRNA levels for all of those Hes and Hey genes decreased progressively and significantly compared with matched vehicle-control samples (Fig. 5A ) (p Ͻ 0.05; three replicate experiments for all genes and time points). In addition, levels of Atoh1 mRNA in the DAPT-treated utricles were 3.7 and 4.7 times the levels in matched controls at the 18 and 30 h, respectively (Fig. 5A ) (p Ͻ 0.05, n ϭ 3 for each). These results are consistent with the hypothesis that DAPT acts to induce SCto-HC conversion in postnatal utricles, in part, by inhibiting Notch signaling.
To identify and localize cells that were upregulating Atoh1, we cultured utricles from neonatal Atoh1/nGFP mice, which express nuclear EGFP under control of the Atoh1 promoter (Lumpkin et al., 2003) , in the constant presence of 50 M DAPT or vehicle until fixation at 15, 24, or 48 h. GFP-positive nuclei that were distinctly smaller than the more apical HC nuclei were first detected in the basal SC nuclear layer of the striola at 15 h (n ϭ 4) and became more evident after 24 h of DAPT treatment (Fig.  5 B, C) . By 48 h, Atoh1-GFP expression expanded to the edges of the striola and perhaps into the peristriolar regions (Fig. 5 B, C) , but most of the extrastriolar regions showed only scattered SCs expressing nGFP. It appears that, in utricles as young as P2, most extrastriolar SCs are not responsive to the GSI treatments that induce substantial amounts of conversion in striolar SCs (Fig. 5B,C) . Both the control and treated Atoh1/nGFP utricles contained scattered large GFP-positive nuclei within myosin-VIIA-positive cells that appear to be newly differentiating HCs, but control Atoh1/nGFP utricles did not contain GFP-positive SC nuclei (n ϭ 4) (Fig. 5C) . We assessed Atoh1 expression by immunostaining as well, which showed that DAPT treatment induced Atoh1 expression mainly in the striolar SCs, validating the results obtained in utricles from the Atoh1/nGFP mice (data not shown).
In P2 utricles treated with DAPT for 24 h, the striola averaged 102 Ϯ 6 Atoh1-GFP-positive cells nuclei per 3000 m 2 in regions that sampled the anterior, middle, and posterior striola, whereas medial and lateral extrastriolar regions averaged 45 Ϯ 2 per 3000 m 2 (Fig. 5D ). In contrast, vehicle control utricles averaged 34 Ϯ 2 GFP-positive nuclei per 3000 m 2 in the striola after 24 h and 30 Ϯ 3 per 3000 m 2 in their extrastriolar regions. Counts within the 3000 m 2 sampled areas remained similar after culturing with DAPT or vehicle for 48 h (Fig. 5D) , indicating that the incidence of responding cells within the sampled regions saturates by 24 h. As with the preceding evidence, these results are consistent with the idea that DAPT treatments block Notch signaling, thereby alleviating ongoing repression of Atoh1 transcription that appears to be required for active maintenance of the SC phenotype in the striola of young mice.
Striolar SCs internalize E-cadherin and express myosin VIIA, without detectable depletion of N-cadherin
We used immunostaining to investigate what happens to junctional cadherins when epithelial cells change from a SC phenotype to a HC phenotype. In utricles cultured with DAPT for 18 h or more, many striolar SCs exhibited considerably less junctional E-cadherin than the extrastriolar SCs in the same epithelia (Fig.  6 A, B) . At 24 h, the apical cytoplasm of many striolar cells contained puncta that were intensely positive for E-cadherin (arrows), but such cells maintained control levels of junctional N-cadherin (Fig. 6C,D) . Punctate cytoplasmic immunostaining patterns were obtained with antibodies that separately bound only to the intracellular and only to the extracellular domains of E-cadherin, indicating that both domains are internalized. It appears that SCs that are responding to inhibition of ␥-secretase selectively internalize E-cadherin from their adherens junctions by a mechanism that allows N-cadherin to remain in the junctional membrane. In addition, quantitative RT-PCR showed no change in E-cadherin mRNA levels between DAPTtreated utricles and vehicle controls (Fig. 5A) .
After 48 h of continuous DAPT treatment, most of the striolar SCs that had reduced junctional E-cadherin also expressed the HC marker myosin VIIA, but such cells still retained the elongate shape of SCs, extending from the apical surface to the basal lamina (Fig.  6C,D) . Most striolar SCs in utricles from Atoh1/nGFP reporter mice also exhibited reduced junctional E-cadherin, became GFP positive, and immunostained for myosin VIIA after 48 of DAPT (Fig. 6E) . However, a few SCs in the striola regions and most SCs in the extrastriolar regions of these utricles did not downregulate E-cadherin by 48 h. In all cases, those cells failed to express Atoh1-GFP or myosin VIIA (Fig. 6C-E) . Thus, Atoh1 induction and phenotypic conversion into HCs appear to be tightly correlated with E-cadherin internalization in SCs.
The GSI-induced internalization of E-cadherin requires protein synthesis
To test whether inhibition of ␥-secretase induced E-cadherin internalization via signaling that depended on translation, we treated utricles with DAPT and cycloheximide (40 M) for 30 h, followed by 42 h in control medium. In contrast to utricles treated with DAPT alone, in which striolar SCs exhibited pervasive downregulation of E-cadherin, as well as expression of myosin VIIA and other signs of SC-to-HC conversion (Fig. 7A) (n ϭ 3) , the striolar SCs in utricles treated with cycloheximide and DAPT together failed to internalize junctional E-cadherin and failed to convert to a HC phenotype (n ϭ 4). Controls treated with cycloheximide alone showed no detectable effects on the integrity or organization of the sensory epithelium (n ϭ 3). The dependence on protein synthesis raised the question of whether E-cadherin internalization is downstream of Atoh1 expression. When we examined utricles treated with DAPT for only 15 h, however, we did not find any Atoh1/nGFP-positive cells that retained strong labeling for junctional E-cadherin (data not shown). Such a finding would have indicated that Atoh1 expression precedes the changes in E-cadherin at the cell junctions.
Longer GSI treatments induce more SC-to-HC conversion
When we extended the DAPT treatment of P2 utricles to the full 72 h culture period, almost all the SCs in the striola converted into HCs (Fig. 7B) . The SCs in control utricles and those in the regions of the utricle that are unresponsive to the DAPT treatments had elongated hourglass-shaped somata that extended down to the basal lamina and anchored the sensory epithelium to it. In contrast, many of the phenotypically converting SCs exhibited the goblet-shaped somata that are characteristic of HCs. The somata of those cells terminated in rounded basal ends that were well above the basal lamina. The pervasiveness of the SC-to-HC conversion that occurred with the longer DAPT treatments caused large patches of the still living striolar epithelium to blister up, eventually creating holes in the sensory epithelium (Fig. 7B,  arrows) . After 72-h and longer DAPT treatments, some extrastriolar SCs internalized E-cadherin and began converting into HCs, but many did not, which suggests that SCs differ regionally and individually in their capacity for changing phenotype.
Striolar SCs have thinner circumferential F-actin belts than extrastriolar SCs
Because differences in the incidence of SC-to-HC phenotype conversion between the striola and extrastriola regions were strikingly consistent, we looked for structural correlates and found that E-cadherin immunostaining in the extrastriolar regions of neonatal control utricles was more intense than in the striola (Fig. 8 A) . Then we labeled F-actin in P2 mouse utricles with fluorescent phalloidin and measured the widths of the AJRs. AJRs comprise an apical intercellular junction and the circumferential F-actin belts that bracket each side (Burns et al., 2008) . When we plotted AJR widths as a function of the lateral-tomedial distance from the line of hair cell polarity reversal, the results revealed that AJRs of SC-SC junctions in the extrastriolar Figure 6 . DAPT induces downregulation of E-cadherin and subsequent upregulation of myosin VIIA in striolar SCs. A, Image of a utricle treated with DAPT for 40 h and immunostained for oncomodulin (purple) and E-cadherin (green). Depletion of E-cadherin occurs specifically in the striolar region, which shows immunostaining for the type I hair cell marker oncomodulin. Scale bar, 50 m. B, Higher-magnification image of the striolar region. Scale bar, 10 m. C, Higher-magnification images of the striolar sensory epithelium. Arrows point to cells that show E-cadherin internalization. Myosin VIIA is upregulated after 48 h of DAPT treatment in cells of the striola. Scale bars, 10 m. D, Images showing z-axis of sensory epithelium of utricles treated with vehicle or DAPT for 24 or 48 h. Arrow points to cells that show E-cadherin internalization. E, Images showing x-y-axis and z-axis of Atoh1/nGFP P2 utricles treated with vehicle (DMSO) or DAPT and immunostained for E-cadherin (red) and myosin VIIA (purple). The image of the DMSO control utricle was taken at the striolar/peristriolar boundary. In the image of the DAPT-treated utricle, the extrastriolar region is to the left of the white dashed line, and the striolar region is to the right.
region that is lateral to the line of hair bundle reversal are significantly wider than the AJRs of SC-SC junctions in the striola (p Ͻ 0.05) (Fig. 8 B-E) . AJR widths decrease by 25% from the line of reversal to a point 20 m medial to it. These measurements show that thickening of the circumferential F-actin belts, which appears to be a unique age-related specialization of mammalian SCs (Burns et al., 2008) , progresses faster in the extrastriolar SCs of neonatal mouse utricles than in the SCs in the striola. The increased E-cadherin and thicker F-actin belts observed at the junctions between the extrastriola SCs in neonates may indicate that extrastriolar SCs reach more advanced stages of cellular maturation than the striola SCs in the same utricles.
The vestibular SC phenotype becomes more stable as postnatal mammals age Unlike the cochleae in embryonic and neonatal rodents, when adult rodent cochleae are subjected to ␥-secretase inhibition, supernumerary HCs do not form (Hori et al., 2007) . To determine whether differentiated vestibular SCs would exhibit age-dependent limitations in their capacity to change phenotype, we cultured utricles from mice that ranged from gestation day 18 (E18) to adulthood for 72 h in DAPT and DMSO media. Striolar SCs from E18, P2, P4, P8, P10, and P12 mice downregulated E-cadherin and converted into HCs in the presence of DAPT, but the regions in which SCs converted into HCs were much smaller in utricles from the P8, P10, and P12 mice than in utricles from the E18, P2, and P4 mice (Fig. 9 ) (n ϭ 3 for each age), and the conversion took longer. In fact, the striola of the P12 utricles contained only a few, small and isolated regions of juxtaposed myosin-VIIA-positive, E-cadherin-negative cells (Fig. 9) . No signs of E-cadherin depletion and no signs of phenotypic conversion were observed in utricles from P16 mice after culturing with DAPT for 72 h (n ϭ 5). None occurred in adult (P82) utricles after continuous culturing with DAPT for 72 h (n ϭ 3), 5 d (n ϭ 4), 7 d (n ϭ 4), and 10 d (n ϭ 4) (data not shown). Thus, inhibition of ␥-secretase activity becomes progressively less effective at inducing SCs to convert to a HC phenotype as SCs mature during the first weeks of postnatal life.
Discussion
Our experiments indicate that E-cadherin is effectively restricted to SC-SC junctions in human and murine vestibular epithelia and show that age-related reductions in the phenotypic plasticity of SCs in rodents strongly correlate with the postnatal accumulation of E-cadherin in those junctions. When we cultured utricles from young mice with inhibitors of ␥-secretase, large numbers of SCs in the striola internalized E-cadherin, expressed Atoh1, and progressively converted to a HC phenotype. Hes and Hey expression decreased in such GSI-treated utricles. However, scattered striolar SCs and the vast majority of the extrastriolar SCs maintained their junctional E-cadherin after GSI treatments. Such E-cadherin-expressing SCs exhibited no detectable changes in phenotype, but SC-to-HC phenotype conversion was pervasive in the cells that downregulated junctional E-cadherin. Morphometry showed that circumferential F-actin belts at the junctions between striolar SCs in young mice are significantly thinner than the belts in extrastriolar SCs lateral to the striola. Striolar E-cadherin depletion and SC-to-HC phenotype conversion declined with age, occurring in GSI-treated utricles from P12 mice but not in utricles from P16 and older mice. The findings here highlight the potential importance of junctional E-cadherin as a regulator of cellular phenotype stability. They also put differences in E-cadherin expression and differences in the repair capacities of hair cell epithelia in birds and mammals in a new context. Differences in E-cadherin expression and junction reinforcement are mirrored by differences in SC plasticity and HC regeneration We found no notable differences in the localization of N-cadherin in mammalian hair cell epithelia from what has been reported in birds (Warchol, 2007) , but our findings show that E-cadherin expression differs significantly. The SC-specific expression and postnatal increases in E-cadherin that we measured here are strongly correlated with progressive thickening of the circumferential F-actin belts that bracket SC-SC junctions in mammals (r ϭ 0.94) (Fig. 2) (Burns et al., 2008) . Circumferential SC belt thickening inversely correlates, in turn, with postnatal declines in the propensity for SCs to change shape (r ϭ Ϫ0.99) and proliferate after damage to the murine HC epithelium (r ϭ Ϫ0.98) (Davies et al., 2007; Burns et al., 2008; Lu and Corwin, 2008) . E-cadherin has been shown to influence cellular proliferation and differentiation in a number of other tissues and could limit SC plasticity either directly or indirectly (Takeichi, 1993; Gumbiner, 1996; Hines et al., 1999; Owens et al., 2000; Thiery and Sleeman, 2006) . Although our results show that postnatal accumulation of E-cadherin and reinforcement of SC junctions correlate with declining SC plasticity in postnatal mammals, they do not reveal whether or how the specializations of mammalian SC-SC junctions may be causally related to lower plasticity.
E-cadherin regulation in postnatal mammalian utricles
Our results suggest that the initial postnatal increase in E-cadherin may be at least partially attributedtorelieffromtranscriptionalrepression by the zinc-finger transcription factor Slug. Slug protein is present in the nucleus of young utricular SCs and is expressed at high levels during the first postnatal week, when Slug (Snai2) mRNA levels are tightly and inversely correlated with increasing E-cadherin mRNA (Fig. 2) . In Madin-Darby canine kidney (MDCK) cells, Slug interacts with proximal E-boxes to fully repress E-cadherin transcription, and the expression of Slug is strongly correlated with loss of E-cadherin during epithelial-mesenchymal transitions in both MDCK cells and carcinomas (Hajra et al., 2002) .
Postnatal accumulation of E-cadherin at SC-SC junctions also appears likely to derive inpartfromitsstabilizationvialinkagetothick F-actin belts that become progressively more stable as the junctions between mammalian SCs mature (Burns et ments with age (Fig. 9) , the results suggest that the unique junctional changes that occur in maturing mammalian SCs may help to confer persistent phenotypic stability. The decline in the capacity of SCs to convert to a sensory receptor phenotype occurs in parallel with the accumulations of E-cadherin in the membranes and F-actin in the circumferential belts at the junctions of postnatally maturing SCs. Both processes of accumulation occur more quickly in extrastriolar SCs than in striolar SCs, and both become considerably more pronounced in all SCs after 2 weeks of life. In addition, our experimental findings show that SCs do not undergo SC-to-HC phenotypic conversion in the absence of GSI-induced internalization of E-cadherin. Therefore, it appears possible and perhaps likely that the postnatal accumulation and increased stability of junctional E-cadherin that has been described here is linked to the growth of uniquely reinforced, circumferential F-actin belts, which together contribute to SC phenotypic stability and help to limit the capacity of the mammalian ear for regeneration.
